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ABSTRACT 

Results are presented for a wind tunnel investigation of three 

single VTOL lift fan stages designed for the same overall total pres- 

sure ratio at different rotor tip speeds. The stages were tested in 

a model lift fan installed in a wing pod. The three stages had essen- 

tially the same aerodynamic performance along the operating line. 

However, differences in stage thrust characteristics were obtained 

when a variation in back pressure was imposed on the stages by cross- 

flow effects and thrust-vectoring louvers. 

i 



INTRODUCTION 

High-bypass-ratio fans are currently considered as the most appro- 

priate device for providing vertical lift for civil VTOL transport air- 

craft (ref. 1). To satisfy the requirements for efficient VTOL appli- 

cation, such lift fan stages must be quiet, properly matched with the 

drive power source, and have good performance characteristics over the 

entire flight range from vertical takeoff (static case) through the 

transition (crossflow case) to conventional flight. 

One of the variables in the design of a lift fan stage of given 

pressure ratio is the tip speed of the rotor blades. For a given rotor 

total pressure ratio, there is a relatively wide range of allowable 

design tip speeds within prescribed blade loading limits on the rotor 

or stator. In general, high rotor tip speed is desirable f o r  more 

efficient drive turbine performance. However, low rotor tip speed pro- 

duces lower stresses, reduced gyroscopic moments, and perhaps less 

noise 
, 

A test program was conducted at the NASA Lewis Research Center to 

investigate the effect of rotor design tip speed on the aerodynamic and 

noise perfomnce of a l5-in. diameter model lift fan installed in a 

wing pod configuration representative of an aircraft installation. 

Three single fan stages were tested in which the rotors were each de- 

signed to produce an overall total pressure ratio of 1.21 at rotor tip 

speeds of 750, 900, and 1050 ft/sec. The investigation involved meas- 

urement of fan stage thrust and total thrust, internal flow character- 
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i s t i c s ,  and reverberant noise  under s t a t i c  and crossflow conditions up 

t o  160 miles pe r  hour i n  the  L e w i s  Research Center 9- 'by 15-foot V/STOL, 

Propulsion Tunnel ( re f ,  2). 

"his paper presents  a preliminary summary of t h e  p r inc ipa l  rcsu l t s  

of a comparison of t he  aerodynamic performance of t h e  Ihree  s ing le  

s tage  designs under s t a t i c  and crossflow conditions.  Included i n  the 

comparison a r e  operat ing-l ine performance, fan t h r u s t  naps, t h r u s t  

var ia t ions  with crossflow veloci ty ,  and e f f e c t s  of e x i t  thrust-vector ing 

louvers.  

APPARATUS AND DESIGN 

Test Setup 

The tes t  fan s tages  were i n s t a l l e d  i n  a pod at tached at  mid-span 

t o  a two-dimensional wing that spanned the height of the tunnel test 

sect ion,  as shown i n  f igu re  1. The wing measured 4-1/:2 f t .  by 9 f t ,  

with a 17 percent m a x i m u m  thickness r a t i o .  

long and 30 i n .  wide, 

cen ter l ine  w a s  located a t  the  41 percent chord poin t  of t he  pod (40 

percent chord point  with respect  t o  the  wing). 

motely actuated through a range of angle of a t tack ,  o(, of - +l5'. 

mum tunnel  a i r f low t e s t  veloci ty ,  Vo, was around 235 f t / s e c  (160 mph). 

h r t h e r  d e t a i l s  of the  wing and tunnel  can be obtained i n  references 2, 

3, and 4. 

The pod w a s  65 in .  

with a thickness r a t i o  of 18 percent.  The fan  

The wing could be re- 

M a x i -  
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A set  of f i v e  

e x i t  of t h e  f an  t o  

remotely-actuated louver vanes w a s  i n s t a l l e d  at t h e  

provide de f l ec t ion  of t h e  exhaust flow ( t h r u s t  vec- 

t o r i n g )  over a range of angle 

+bo (aft de f l ec t ion ) .  

angle  between t h e  chord l i n e  of t he  vanes and the  axis of t h e  fan.  

louver vane design is  the  same as i n  reference 4. A photograph of t he  

louver i n s t a l l a t i o n  i s  shown i n  f igu re  2. 

PL from -15O (forward d e f l e c t i o n )  t o  

b u v e r  def lec t ion  angle, PL, i s  defined as the  

The 

The major aerodynamic and mechanical f ea tu re s  of t h e  t es t  f an  

assembly are i l l u s t r a t e d  i n  t h e  sketch i n  f igu re  3. 

driven by a compact two-stage supersonic turb ine  located within t h e  

inner  casing of t h e  assembly. 

air (800 p s i  and 160' F) supplied through passages i n  the  s i x  support 

s t r u t s  t h a t  connected t h e  inner  and outer  p a r t s  of t h e  assembly. The 

e n t i r e  assembly was mounted on three  load c e l l s  so t h a t  a measurement 

of axial force could be obtained. A x i a l  separation of the r o t o r  and 

s t a t o r  rows w a s  a t  least twice the r o t o r  t i p  a x i a l  chord length.  

p a r t  span damper was located a t  t h e  65 percent passage height  point  on 

the r o t o r  blades.  

The fan r o t o r  was 

The turb ine  was driven by high-pressure 

A 

The i n l e t  bellmouth and nosepiece were axisymmetric sec t ions  w i t h  

a x i a l  depth t o  r o t o r  leading edge equal t o  0.165 of t h e  ro to r  diameter 

(15.0 inches).  The a x i a l  depth and surface curvature were designed t o  

minimize the p o s s i b i l i t y  of l o c a l  separat ion over t h e  forward port ion 

of t he  bellmouth a t  high crossflow ve loc i t i e s .  

p o t e n t i a l  flow ca lcu la t ions  obtained with the  method described i n  ref- 

erences 5 and 6. 

The design w a s  based on 



Pertinent test instrumentation included the following (fig. 3) : 

(1) Rotor inlet (station 1): w a l l  boundary layer rakes located 
0 0 and - -1-55 at the 0 

and eight static pressure taps located 3/4 inch upstream of the rotor. 

The static pressures at the 3/4-inch location were used to obtain fan 

weight flow rate based on a correlation established from potential f low 

theory. 

positions with respect to the incoming crossflow; 

(2) Rotor outlet (station 2): six equally-spaced rakes with 

probes for measuring total pressure and flow angle; and six static 

pressure taps each on the hub and shroud surfaces. 

(3) Discharge duct (station 3)): six-equally spaced rakes with 

elements for measuring flow angle, total pressure, and total temperature. 

The rakes were located halfway between the support struts. Six static 

pressure taps each were placed on the hub and shroud walls in the plane 

of the rake elements. 

inches further downstream (station 3). 

A second set of pressure taps were located 1.2 

Fan Stage Designs 

The three individual single stages were designed for a nominal 

total pressure ratio in the discharge duct of 1.21 and a nominal cor- 

rected weight flow per unit inlet flow area of 37.2 lbs//sec ft . The 
nominal design corrected thrust per unit inlet flow area was 684 lb/ft . 
Ambient static pressure was assumed at the exit of the duct. The design 

2 

2 

average axial Mach number at the inlet to the rotor was 0.53. &sign 
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o u t l e t  Mach number was a l s o  0.53 with a x i a l  discharge from t h e  s t a t o r s .  

The hub-tip r a t i o  a t  the i n l e t  t o  t h e  ro to r  w a s  0.46. I n l e t  flow area, 

A, at  the r o t o r  leading edge was 0.9868 f t  . 2 

Table I l i s t s  t h e  major design c h a r a c t e r i s t i c s  of t h e  three s tage  

configurations. 

t i p  t o  chord length  at  the  hub was 1.3. 

for t h e  s t a t o r  blades was 1.1. 

For t h e  ro to r  blades, t h e  r a t i o  of chord length at  t h e  

The corresponding t a p e r  r a t i o  

Both t h e  r o t o r  and s t a t o r  blades had an 

aspec t  r a t i o  of 3.1 based on average chord and span lengths.  For econ- 

omy, only one set of s t a t o r  vanes was used, with s tagger  angle reset as 

re qui red. 

Blade-row ve loc i ty  diagrams were determined from a ca l cu la t ion  

procedure involving complete r a d i a l  equilibrium with a s p l i n e  f i t  for 

t h e  streamline curvature. A t  t h e  i n l e t  t o  t h e  ro to r ,  the  r a d i a l  flow 

d i s t r i b u t i o n  was obtained from the  p o t e n t i a l  flow so lu t ion  f o r  t h e  

i n l e t  sec t ion .  

uniformly t o  all stream tubes. 

Flow blockage at blade row i n l e t  and o u t l e t  was applied 

A l l  blade sec t ions  on t h e  r o t o r  and s t a t o r  were double c i r c u l a r  

a r c  p ro f i l e s .  

cascade cor re la t ions  of reference 7 w i t h  cor rec t ion  f a c t o r s  f o r  annular 

and high-speed e f f e c t s .  Design incidence angles were a l s o  based on t h e  

two-dimensional. co r re l a t ions  of reference 7 w i t h  cor rec t ions  f o r  e f f e c t s  

of r e l a t i v e  i n l e t  Mach number. Blade-element t o t a l  pressure lo s s  coef- 

f i c i e n t s  were based on blade s o l i d i t y  and d i f fus ion  f a c t o r  with ad jus t -  

ments f o r  end e f f e c t s .  

Design deviation angles were based on the  two-dimensional 



The principal effect of the variation in rotor design speed is the 

variation in aerodynamic blade loading (generally important at the tip 

of the rotor and the hub of the stator). For these designs, aerodynamic 

blade loading was described in terms of the blade-element diffusion fac- 

tor (ref. 8). 

across the passage at design conditions for both rotor and stator is 

shown in figure 4 for the three stages. 

factor at both the rotor tip and the stator hub with decreasing design 

tip speed is clearly evident. 

red to as the high-loading stage, and the 1050 ft/sec design can be 

called the low-loading stage, 

The calculated variation in blade-element diffusion factor 

The increase in design diffusion 

Thus, the 750 ft/sec design can  be refer- 

RESULTS 

One of the principal performance parameters for a lift fan is the 

thrust force produced by the flow through the fan stage passage. 

these tests, fan stage thrust was computed from measured values of pres- 

sure, angle, and temperature in the fan duct. The drive-turbine work 

output as well as the fan duct thermocouples were used to establish 

mass-averaged total temperatures. Thrust was expressed in terms of the 

corrected value divided by the inlet flow area, F/8A. Performance re- 

sults are presented separately for the static (Vo = 0) and crossflow 

cases. 

For 
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Static Performance 

Operating line. - The basic operating configuration of a lift fan 
is defined herein as the fan with the thrust vectoring louvers in the 

full open position ( 6,  =? 0'). For this condition, the fan duct exit 

is exposed to essentially ambient pressure. 

configuration for vertical takeoff, and upon which the installed thrust 

requirement is generally based. 

This represents the fan 

The basic performance of each stage along its static operating line 

is shown in figure 5 as the variation of duct (overall) total pressure 

ratio 

and thrust parameter F / s A  against rotor corrected tip speed Ut/G. 

It is seen from these figures that measured performance closely matched 

design conditions for all three stages. 

was not plotted because of excessive scatter in the data. However, it 

aFpeared that the calculated efficiencies for the three stages were at 

about the same level (around 0.80) at design speed, and then increased 

with decreasing speed. 

- 
P3,/Po3 corrected weight flow per unit inlet flow area wl-@/8A3 

Overall adiabatic efficiency 

Operating range. - The operating range of a stage for lift fan 
application was defined as the variation of stage thrust parameter with 

stage back pressure ratio (ratio of stage-exit static pressure to ambient 

static pressure). For the configuration of this test, the average static 

pressure on the hub and shroud walls of the discharge duct (station 3) 

was taken as the measure of.the fan stage back pressure. The annular 

area at station 3 was essentially the same as the annular area at the 

exit of the stators. 
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The operat ing range of each s tage  was determined by operation of 

a remotely-actuated t h r o t t l i n g  plug i n t o  an extension of the f an  duct 

passage as shown i n  f i g u r e  6. 

served as a d i f f u s e r  so t h a t  below-ambient s t a t i c  pressures could be 

achieved. 

"he outer  w a l l  of t he  duct extension 

Figures 7(a), (b), and ( c )  show the  f an  s tage  t h r u s t  maps as ob- 

t a ined  from the t h r o t t l e  duct  tests f o r  the  750, 900, and 1050 f t / s e c  

ro tors ,  respect ively.  For a t h r u s t  map, stall  i s  approached t o  t h e  

r i g h t  (back pressure above ambient), and choke i s  approached t o  the 

l e f t  (back pressure below ambient). A marked d i f fe rence  i n  the t h r u s t  

c h a r a c t e r i s t i c  i s  observed between the low and high speed stages, par- 

t i c u l a r l y  at the  high t i p  speeds. 

designed f o r  r e l a t i v e l y  high ro to r  t i p  and s t a t o r  hub loadings ( f ig .  4), 

it had a r e l a t i v e l y  small stall  margin; hence the r e l a t i v e l y  rapid f a l l  

off  i n  t h r u s t  as back pressure was increased ( f i g .  7 ( a ) ) .  On t h e  o ther  

hand, t h e  1050 f t / s e c  s tage  was designed f o r  r e l a t i v e l y  l i g h t  blade 

loadings ( f ig .  4), and therefore  exhibi ted a wide s ta l l  margin w i t h  

increasing t h r u s t  as back pressure was increased ( f i g .  7(c)). '  The range 

of the 900 f t / s e c  s tage,  designed f o r  medium loading, f e l l  i n  between 

the  o ther  two ( f i g .  7(b ) )  . 

Inasmuch as the  750 f t / s e c  stage w a s  

The dashed l i n e s  on the  t h r u s t  map f igu res  represent  the  va r i a t ion  

i n  back pressure ratio f o r  the  stages with the louvers i n  the undeflected 

pos i t ion  (stage operating l i n e ) .  I n  a l l  cases,  t he  operat ing-l ine duct 

s t a t i c  pressures  were sanewhat below ambient, and decreased with increas-  

i ng  r o t o r  t i p  speed. 
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The s t a t i c  performance c h a r a c t e r i s t i c s  of the th ree  stages showed 

t h a t  e s s e n t i a l l y  t h e  same o v e r a l l  performance can be obtained f o r  each 

of t h e  th ree  design ro to r  t i p  speeds along t h e  s tage  operat ing l i n e .  

However, i f  t h e  fan i s  required t o  operate over a wide range of back 

pressure r a t i o s ,  t h e  r e s u l t a n t  stage t h r u s t s  could be r a d i c a l l y  differ- 

en t .  

range of operat ion than t h e  1050 f t / s e c  l ight ly- loaded s tage  f o r  above- 

ambient back pressure r a t i o s .  

The 750 f t / s e c  highly-loaded s tage  might have a much narrower 

Crossflow Performance 

Open louvers.  - Figure 8 shows a comparison of t he  va r i a t ion  of 

s tage  t h r u s t  parameter as tunnel  a i r f low (crossflow) ve loc i ty  i s  in-  

creased f o r  t h e  undeflected louver configuration a t  zero wing angle of 

a t t ack .  Two p r i n c i p a l  observations can be made. The f irst  i s  t h a t ,  i n  

general ,  there was no large f a l l - o f f  i n  t h r u s t  as crossflow ve loc i ty  

was increased. 

problems f o r  l i f t  fan operat ion during t r a n s i t i o n .  

vat ion i s  an apparent divergence of t h e  t h r u s t  va r i a t ions  in’crossf low 

for t h e  th ree  stage designs. 

loading 750 f t / s e c  s tage  was always g rea t e r  than that f o r  t he  low- 

loading lo50 f t / s e c  s tage,  with t h e  900 f t / s e c  s tage  f a l l i n g  i n  between. 

Thus, as far as open-louver performance i n  crossflow is  concerned, f an  

s tage  performance i s  again acceptable,  with only small d i f fe rences  ap- 

pearing f o r  t he  th ree  r o t o r  design t i p  speeds. 

Thus, t h e  performance of the  f a n  s tages  should pose no 

The second obser- 

The t h r u s t  i n  crossflow f o r  t h e  high- 
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Deflected louvers.  - Variations of f an  s tage  t h r u s t  produced by 

varying the  louver chord angle are shown i n  f i g u r e  9 f o r  the three 

stages f o r  m a x i m u m  crossflow ve loc i ty  and zero crossflow ve loc i ty .  

are presented f o r  design speed and 70 percent of design speed f o r  each 

s tage  at a wing angle of a t t a c k  of zero degrees. 

Data 

Two p r i n c i p a l  observations can be made about the comparative re- 

sponse of the  three s tages  t o  louver def lec t ion .  

stage showed a l a rge  decrease i n  t h r u s t  as exhaust flow was def lec ted ,  

while t he  t rend  tended t o  be reversed f o r  the  1050 f t / s e c  s tage.  Sec- 

ond, the t h r u s t  i n  crossflow increased s i g n i f i c a n t l y  over the s t a t i c  

value f o r  pos i t i ve  louver angles f o r  t h e  750 ft /sec s tage,  but  showed 

e s s e n t i a l l y  no change f o r  t h e  1050 f t / s e c  stage. 

s tage  produced more stage t h r u s t  than t h e  1050 f t / s e c  s tage  at a cross- 

flow ve loc i ty  of 235 f t / s e c  up t o  a louver angle of 27' at design speed, 

and up to 34 

of t h e  900 f t / s e c  s tage  were i n  between those of t he  o ther  two s tages .  

F i r s t ,  the  750 f t / s e c  

I n  f a c t ,  t h e  750 f t / s e c  

0 at 70 percent design speed. The thrust characteristics 

Thus, i f  only moderate t h r u s t  def lec t ions  are required i n  crossflow 

(say, from 20' t o  25'), t he  lower design t i p  speed s tages  (750 f t / s e c  

and 900 f t / s e c )  should give good performance with these  p a r t i c u l a r  lou- 

vers.  

angles (g rea t e r  than 30' or  35'), then the higher t i p  speed stages (900 

f t / s e c  and 1050 f t / s e c  ) appear preferable .  

However, i f  sustained t h r u s t  i s  required a t  very l a rge  de f l ec t ion  
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DISCUSSION OF RESULTS 

Crossflow EXfects 

When an aircraft containing an operating lift fan attains forward 

flight (crossflow case), the flow entering the fan is no longer symmet- 

rical as in the static case. The incoming flow now has a crossflow com- 

ponent and must turn up to 90' to enter the inlet to the fan. 

the crossflow operation should result in an increase in fan stage thrust 

because of the potential for converting the mmentwn of the approaching 

air to total pressure rise (ram effect). 

flow orientation can tend to reduce thrust because of certain real flow 

effects. 

Ideally, 

However, in reality, the cross- 

Lift fan operation in crossflow is illustrated in figure 10. 

crossflow, the inflow velocity is increased over the forward portion of 

the bellmouth and decreased over the aft portion, At the same time, 

the incomplete turning of the air results in an advancing/retreating 

blade motion with respect to the incaning air. 

in a circumferential variation in angle of attack on the rotor blade. 

This form of inlet flow distortion is a potential flow (constant total 

pres sure ) phenomenon. 

In 

These two factors result 

On the surfaces of the inlet bellmouth, the forward portion of the 

outer shroud and the aft portion of the nosepiece would experience pro- 

nounced accelerating and decelerating flows resulting from the surface 

curvatures. These surface velocity gradients can lead to local boundary 
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layer separation at the inlet to the rotor. 

tion is a viscous flow phenomenon. 

This form of inlet distor- 

At the same time, operation in crossflow can alter the fan stage 

back-pressure ratio and therefore the stage operating point. 

pressure ratio of the fan stage will vary directly with the static 

pressure ratio in the plane of the exit of the duct. Variations in 

duct-exit plane static pressure can arise frm a number of general ef- 

The back- 

fects: (1) the conventional base pressure effect due to the discharge 

and diffusion of an annular jet with a blunt base (i.e., the base drag 

effect); (2) operation of various external devices such as louvers or 

spoilers which alter the direction or effective area of the exhaust 

flow; (3) the aerodynamic flow around the pod containing the fan; and 

(4) aerodynamic interactions between the fan discharge flow and the 

flow about the fan pod. 

The base pressure effect generally results in below-ambient static 

pressures along the base and across the exit flow passage (e.g., ref . 3). 
Thrust vectoring and spoiling devices generally produce exit pressures 

that are greater than ambient. Aerodynamic flow effects can be either 

positive or negative. 

All of the above phenomena (potential flow distortion, boundary 

layer separation, and back pressure ratio changes) can combine to produce 

a reduction in fan thrust compared to the ideal case as crossflow veloc- 

ity is increased. The crossflow situation for lift fans is a phenomenon 

that has been recognized for some time. It was of interest therefore to 
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examine the basis of the observed effects of rotor design tip speed on 

the response of a lift fan stage to the inlet and outlet flow distor- 

tions induced by the crossflow operation. 

Open Louvers 

The crossflow characteristics of the three stages with open lou- 

vers as shown in figure 8 can be understood from examination of three 

principal factors: (1) the condition of the boundary layer on the 

inlet bellmouth at the rotor inlet; (2) the response or tolerance of 

the rotor row to the distortion of the inlet potential flow; and (3) 

changes in stage back-pressure ratio. 

Inlet boundary layer. - The condition of the inlet boundary layer 
was determined from examination of the data from the inlet boundary 

layer rakes at the 0' and - + 5 5 O  positions (fig. 3) for the three rotor 

speeds. A t  zero wing angle of a t tack ,  although the re  w a s  aa increase 

in w a l l  boundary layer thickness as crossflow velocity increased, there 

was no evidence of a separated profile for any of the stages. Thus, 

there should be little tendency for thrust to decrease due to increased 

inlet total pressure loss. 

Distortion tolerance. - The response of the rotor rows to the in- 
flow distortion is illustrated in figure 11. The figure presents plots 

of the circumferential variation of rotor outlet total pressure ratio 

at mid passage for several crossflow velocities at 100 percent design 

speed for each of the stages. The pronounced variation in outlet total 
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pressure was a direct reflection of the corresponding circumferential 

variations in local angle of attack and velocity. 
* 

The variations were 

generally similar for a l l  three rotors. 

for the maximum total pressure rise with crossflow at 270 

However there was a tendency 
0 to be some- 

what less for the 1050 ft/sec rotor than for the other two rotors. 

In fact, at mid radius for design speed, the ratio of the circumferen- 

tially averaged rotor outlet total pressure ratio at 

to the corresponding value at V = 0 (static case) was 0.981 f o r  the 

750 ft/sec stage, 0.979 for the 900 ft/sec stage, but 0.967 for the 

1050 ft/sec rotor. 

Vo = 235 ft/sec 

0 

This relative reduction in average rotor total 

pressure ratio could be eventually reflected in a relative reduction 

in stage discharge thrust, and contribute to the crossflow thrust 

divergence observed for the three stage designs in figure 8. The 1050 

ft/sec rotor therefore appeared to have a somewhat more unfavorable 

response to crossflow inflow distortion than the 750 ft/sec rotor. 

Back-pressure ratio. - Measured variations in stage back-pressure 
ratio with crossflow velocity are shown in figure 12 for two speed 

levels. In all cases, it is seen that increasing crossflow velocity 

resulted in a decrease in stage back-pressure ratio of about the same 

magnitude for all three stages. However, the level of back-pressure 

ratio was different for each stage design. The reduction in back- 

* 
Examples of a comparison between inlet potential flow distortion and 
rotor outlet flow variations for a similar lift fan are given in ref- 
erence 3. Ikta on measured distortions in inlet flow are presented 
in reference 9. 
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pressure r a t i o  with crossflow i s  believed t o  be due t o  some in t e rac t ion  

e f f e c t  between t h e  crossflow and t h e  fan assembly discharge flows. 

The decrease i n  back pressure with increasing crossflow ve loc i ty  was 

observed f o r  a l l  t e s t  values of fan speed, louver pos i t ion ,  and wing 

angle of a t tack .  

For crossflow s i t u a t i o n s  i n  which the re  i s  l i t t l e  change i n  i n l e t  

loss  and i n  inflow d i s t o r t i o n  response, as appears t o  be  t h e  case for 

t h e  th ree  stage designs t e s t ed ,  t h e  s t a t i c  t h r u s t  map c h a r a c t e r i s t i c  

of t h e  stages should provide a reasonable ind ica t ion  of t he  e f f e c t s  of 

back-pressure r a t i o  on t h r u s t  i n  crossflow. 

t h r u s t  map f o r  t he  750 f t / s e c  s tage  shown i n  f i g u r e  7(a), a reduction 

i n  back-pressure r a t i o  below the  ambient value should tend t o  increase 

s tage  t h r u s t .  For the  900 f t / s e c  s tage,  according t o  f i g u r e  7(b),  the 

s tage  t h r u s t  should remain about t h e  same, while f o r  t he  1050 f t / s e c  

stage (fig. 7 ( c ) ) ,  t he  stage th rus t  should decrease. These t h r u s t  

t rends could be another p r inc ipa l  contr ibutor  t o  t h e  divergence of t h e  

crossflow t h r u s t  var ia t ions  observed f o r  t h e  th ree  s tages  i n  f i g u r e  8,  

According t o  the  s t a t i c  

Deflected Louvers 

Fan s tage  t h r u s t  i n  crossflow w i t h  louver de f l ec t ion  showed marked 

differences for t h e  three s tage  designs ( f ig .  9).  

for  t h e  750 f t / s e c  s tage  compared t o  the 1050 f t / s e c  s tage  i n  crossflow 

at e (undeflected configurat ion)  has a l ready been es tab l i shed  

i n  f i g u r e  8. Ibmina t ion  of t es t  da ta  indicated tha'c when louver de- 

The higher t h r u s t  

% 0' 
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f l e c t i o n  was used i n  crossflow, the re  was l i t t l e  change i n  the  i n l e t  

boundary l aye r  cha rac t e r i s t i c s  and inflow d i s t o r t i o n  tolerance compared 

t o  t h e  open-louver case f o r  t h e  th ree  stage designs. The next f a c t o r  

t o  examine was then t h e  possible  e f f e c t s  of var ia t ions  i n  s tage  back- 

pressure r a t i o  with louver angle. 

The e f f e c t  of e x i t  louvers on the fan s tage back-pressure r a t i o  i s  

i l l u s t r a t e d  i n  f igu re  13 f o r  the zero and maximum crossflow ve loc i ty  

cases.  The increase i n  stage back-pressure r a t i o  with louver de- 

f l e c t i o n  i s  explained as follows. 

causes a reduction i n  the flow area at the  e x i t  of the  louver, which 

requires  t h a t  a drop i n  s t a t i c  pressure occur f romlouver  inlet  t o  e x i t .  

Since louver e x i t  s t a t i c  pressure remains e s s e n t i a l l y  constant a t  the  

l o c a l  ambient value, the net  e f f e c t  of def lec t ion  i s  t o  r a i s e  the s t a t i c  

pressure at the i n l e t  t o  the  louvers, i . e . ,  a t  the e x i t  of  t he  fan duct.* 

Forward or af t  louver def lec t ion  

The back-pressure r a t i o  level was somewhat d i f f e r e n t  f o r  t h e  th ree  

s tage  designs, with higher back pressures occurring f o r  t he  1050 f t / s e c  

s tage  than for t h e  750 f t / s e c  s tage  f o r  both s t a t i c  and crossflow con- 

d i t i ons .  The increased separat ion of values a t  very high louver angles 

may be due i n  p a r t  t o  an increase i n  t h e  measured difference i n  average 

duct exit Mach number between t h e  1050 f t / s e c  and 750 f t / s e c  ro tors .  

~~ ~~ * 
The point  of minimum back-pressure r a t i o  d id  not occur a t  a louver 
chord angle of zero degrees f o r  t he  s t a t i c  case because the  louver 
vanes have some camber (i.e., zero chord angle did not  correspond t o  
zero flow def lec t ion) .  . 
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The lower levels of back-pressure r a t i o  f o r  t h e  case of m a x i m u m  cross- 

flow ve loc i ty  compared t o  t h e  s t a t i c  case was the  r e s u l t  of the  discharge 

in t e rac t ion  e f f ec t  i n  reducing back pressure t h a t  w a s  shown i n  f igu re  12. 

A similar comparison of back-pressure r a t i o  var ia t ions  with louver 

angle w a s  found f o r  the lower fan operating speeds. However, the in- 

crease i n  back-pressure r a t i o  with louver def lec t ion  angle was reduced 

as t i p  speed was decreased because of the accompanying reduction i n  aver- 

age flow Mach number en ter ing  the  louvers (i.e., according t o  one-dimen- 

s i o n a l  f low re l a t ions ,  the  change i n  s t a t i c  pressure r e su l t i ng  from u 

change i n  flow a rea  becomes smaller as i n l e t  Mach number i s  reduced). 

When viewed i n  terms of the  accompanying var ia t ions  of s tage  back- 

pressure r a t i o ,  t he  t h r u s t  trends with louver angle f o r  both the  s t a t i c  

and crossflow conditions i n  f igu re  9 were very similar t o  those of the  

s t a t i c  t h r u s t  map f o r  each s tage  as given i n  f igu re  7. The s i m i l a r i t i e s  

can be r ead i ly  appreciated from a comparison of f igu res  7 ( a )  and g ( a )  

for t h e  750 f t /sec stage, figures 7(b) and 9(b) f o r  t h e  900 f t / s e c  

stage, and f igu res  7 ( c )  and 9 ( c )  f o r  t he  1050 f t / s e c  s tage.  I n  r e l a t i n g  

louver angle t o  back-pressure r a t i o  i n  f i g u r e  7, it should be noted t h a t  

both forward and aft louver def lec t ion  increased the  back-pressure r a t i o .  

I t  appears, therefore ,  t h a t  back-pressure r a t i o  change was the  p r i -  

mary f a c t o r  i n  determining the  individual  s tage  t h r u s t  var ia t ions  with 

louver def lec t ion  shown i n  f i g u r e  9. These r e s u l t s  provide addi t iona l  

confirmation f o r  the  earlier hypothesis t h a t  when i n l e t  losses  and ro to r  

i n l e t  d i s t o r t i o n  e f f e c t s  are r e l a t i v e l y  s m a l l ,  the  s t a t i c  t h r u s t  map can 
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provide a qua l i t a t ive  ind ica t ion  of t h r u s t  var ia t ions  i n  crossflow, 

providing t h e  crossflow back-pressure r a t i o  var ia t ions  are known. 

Qual i f ica t ions  

The data presented herein were r e s t r i c t e d  t o  a pod configuration 

a t  zero wing angle of a t tack .  Preliminary ana lys i s  of data taken a t  

varying angle of a t t a c k  ind ica ted  tha t  fan stage t h r u s t  i n  c r o s s f h w  

tended t o  decrease somewhat with increasing angle of a t t a c k  due t o  the 

l e s s  favorable inflow or ien ta t ion .  In  f ac t ,  bellmouth flow separation 

s t a r t e d  t o  appear a t  a = 15O f o r  the maximum crossflow ve loc i t i e s .  

It should be pointed out t h a t  t h e  fan s tage  t h r u c t  presented by 

these r e s u l t s  i s  the  t h r u s t  capab i l i t y  of t he  flow a t  t h e  discharge of 

t h e  fan duct.  

del ivered by the fan assembly w i l l  depend on the  t h r u s t  losses  in t ro-  

duced by the louver vanes. I n  general ,  louver t h r u s t  losses  increase 

w i t h  increasing def lect ion.  

When louvers are present ,  t he  ac tua l  r e su l t an t  t h r u s t  

It should a l s o  be noted t h a t  the  crossflow t h r u s t  var ia t ions  of a 

l i f t  fan w i l l  depend on the back pressure var ia t ions  imposed by the  

spec i f i c  configuration of t h e  fan  assembly and the at tached exhaust 

device (for t h r u s t  def lec t ion  or spoi l ing) .  

louver vane concept or attachment arrangement could produce a d i f f e r e n t  

magnitude of back-pressure r a t i o  f o r  the same amount of t h r u s t  def lec-  

t i on .  

For example, a d i f f e r e n t  
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SUMMARY OF RESULTS 

Wind tunnel  tests were conducted on a model VTOL l i f t  fan-in-pod 

f o r  which ro to r s  were designed t o  produce the  same s tage  t o t a l  pressure 

r a t i o  a t  t h ree  d i f f e r e n t  design t i p  speeds. The major r e s u l t s  obtai.ned 

from t h e  tests were as follows: 

(1) A l l  t h r ee  s tages  produced e s s e n t i a l l y  t h e  same ove ra l l  per- 

formance along t h e i r  operating l i n e s  with open e x i t  louvers under stat,i.c 

(zero crossflow) conditions. 

( 2 )  The va r i a t ion  of s t a t i c  s tage  t h r u s t  with back-pressure r a t i o  

( s t a t i c  t h r u s t  map) was s ign i f i can t ly  d i f f e r e n t  f o r  t h e  t h ree  s tages .  

These differences were a t t r i b u t e d  t o  the  differences i n  design-point 

blade loading. 

had a r e l a t i v e l y  s m a l l  s t a l l  margin and a pronounced f a l l - o f f  i n  t h r u s t  

with increasing back-pressure ratio. The 1050 f t / s e c  rotor stage,  with 

low blade loadings, had a wide s t a l l  margin and a more favorable t h r u s t  

va r i a t ion  with increasing back-pressure r a t i o .  

The 750 f t / s e c  ro to r  stage,  with high blade loadings, 

(3 )  Crossflow operation had l i t t l e  e f f e c t  on the  general  l e v e l  of 

t h e  s tage  t h r u s t  f o r  the  undeflected louver configuration. 

there  were differences i n  t h e  t h r u s t  va r i a t ion  with crossflow ve loc i ty  

f o r  the  th ree  s tage  designs. 

somewhat higher t h r u s t  than t h e  1050 f t / s e c  s tage  i n  crossflow. 

Exi t  louver def lec t ion  i n  crossflow tended t o  produce s tage  

However, 

The 750 f t / s e c  s tage  tended t o  give a 

(4) 
t h r u s t  var ia t ions  f o r  each s tage  design t h a t  were similar t o  t h e  indi-  

vidual  var ia t ions  of s t a t i c  t h r u s t  with back-pressure r a t i o .  Because 
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of the  back pressure e f f e c t s ,  the  lower design t i p  speed stages showed 

more favorable t h r u s t  var ia t ion  for moderate louver def lec t ion  angles, 

while the  higher t i p  speed designs appeared b e t t e r  f o r  very l a rge  de- 

f l e c t i o n  angles. 
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FIGUm CAPTIONS 

Fig. 1. 

Fig. 2. 

Fig. 3. 

Fig. 4. 

Fig. 5. 

Fig. 6. 

Fig. 7. 

Fig. 8. 

Fig,  9. 

Fifteen-inch fan-in-pod model i n s t a l l e d  i n  the L e w i s  Research 

Center 9- by 15-foot V/STOL propulsion tes t  sect ion.  

Exi t  louver i n s t a l l a t i o n  on 15-inch fan-in-pod model. 

Cross sec t ion  of 15-inch model l i f t  fan.  

Radial var ia t ion  of d i f fus ion  f a c t o r  f o r  1.2 pressure r a t i o  

f a n  designs. 

Comparison of stage performance along fan s t a t i c  operating 

l i n e .  

( a )  Overall t o t a l  pressure r a t i o .  

( b )  I n l e t  weight flow. 

( c )  Thrust. 

Louver angle, 8, = 0.5'; wing angle of a t tack ,  o( = Oo. 

Remotely-actuated t h r o t t l e  plug f o r  fan performance map. 

Fan s tage  s t a t i c  t h r u s t  map obtained from t h r o t t l e  duct t e s t s .  

( a )  Stage with 750 f t / s e c  rotor .  

(b) 

( c )  

Stage with 900 f t / s e c  ro tor .  

Stage with 1050 f t / s e c  ro to r .  

Variation of fan  s tage  t h r u s t  with crossflow ve loc i ty  f o r  un- 

deflected louvers. Louver angle,  pL = 0.5'; wing angle, 

04 = oo. 

Effect  of louver angle on fan s tage  t h r u s t  i n  crossflow. 

angle, d = 0'. 

(a )  

( b )  

Wing 

Stage with 750 f t / s e c  ro tor .  

Stage with 900 f t / s e c  ro tor .  
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( c )  Stage w i t h  1050 f t / s e c  rotor .  

Fig. 10. Lift f an  inflow i n  crossflow. 

Fig. 11. Circumferential var ia t ion  of ro to r  o u t l e t  t o t a l  pressure r a t i o  

i n  crossflow. Mid radius posi t ion;  design speed for each 

rotor. Louver angle, pL  = 0.5 O; wing angle, d = 0'. 

Fig. 12. Fan s tage  back pressure i n  crossflow, Louver angle, lqL = 0.5'; 

0 wing angle, d = o . 
Fig. 13. Ef fec t  of louver angle  on f an  s tage  back-pressure r a t i o .  Rotor 

t i p  speed, 100 percent design; wing angle, u( = 0'. 



Figure 1. - Fifteen-inch fan-in-pod model installed in the L e w s  Research 
Center 9- by 15-fOOt V/STOL propulr ion tpst section. 

F igure 2. - Exit louver  insta l la t ion on 15- inch fan-in-plxl model 
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Figure 6. - Remotely actuated thrott le plug for fan performance map. 
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Figure  8. - Var iat ion of fan stage t h r u s t  w i t h  
crossf low velocity fo r  undeflected louvers.  
Louver angle, pL = 0.50; w i n g  angle, a = 0'. 
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Figure 10. - L i f l  fan inflow in crossf lw. 
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Figure 12. - Fan stage back pressure in crossflow. 
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